Sequence-specific transcription factors need to gain access to regulatory sequences in chromatin. Previous studies utilizing model systems have suggested many mechanisms involved in this process. It is unclear however how these findings relate to natural promoters. The Drosophila alcohol dehydrogenase (Adh) gene distal promoter is organized into an ordered nucleosome array before multiple transcription factors recognize their sites within this nucleosomal context and activate transcription. Here we used a purified in vitro system to study the binding of the ubiquitous Drosophila transcription factors Adf-1 and GAGA factor to the Adh distal promoter in chromatin. Several nucleosome core particles were assembled on 150 bp DNA fragments containing the Adh distal cis-acting elements in the natural promoter context but different DNA-histone environments. We found that the Adh distal promoter regulatory sequences can position nucleosomes in the same rotational setting as observed in vivo. In one particular nucleosome position, the wrapping of the Adf-1 and adjacent GAGA factor binding sites around the histone octamer creates a unique local DNA conformation. High-affinity but non-cooperative nucleosome binding of Adf-1 and GAGA factor therefore occurs, in contrast to the inhibition of Adf-1 and GAGA factor binding in other nucleosome positions. Thus, local histone-DNA sequence contact giving rise to a specific asymmetric nucleosome structure may play important roles in modulating the affinities of transcription factors for their nucleosomal sites.
INTRODUCTION
The interaction between transcription factors and chromatin is the primary step of gene activation (reviewed in 1-3). Some active promoters are maintained as DNase I hypersensitive sites which ensure the access of transcription factors, such as the initial binding of Pho4 to the yeast PHO5 promoter (reviewed in 2). In most other cases, nucleosome structures sequester recognition sites from sequence-specific DNA binding proteins. Many transcription factors, such as glucocorticoid receptor (GR), GAL4, TFIIIA, Sp1, NF-κB, TBP, Myc-Max and Max-Max dimers, and USF have been shown to bind to nucleosomal DNA under some conditions in vitro (reviewed in 4). A DNA sequence could be accessible to protein factors by simply having a rotational position facing outward from the histone octamer (5-7). The translational position of a recognition sequence within a nucleosome can also affect factor binding (8) (9) (10) ). In all cases tested, the affinities of factors to their nucleosomal sites were reduced from 2-to >1000-fold relative to naked DNA (reviewed in 4). Polach and Widom (11) have proposed that nucleosomes are dynamic structures transiently exposing stretches of their DNA, and that regulatory proteins can gain access to their target sites in the exposed state. According to this model, the affinity of a transcription factor for its site ≥20 bp within a nucleosome would be reduced ∼10 2 -10 4 -fold relative to its affinity for naked DNA because of the extra free energy cost for site exposure. Also, the sequences near the ends of nucleosomal DNA would be the most accessible. This allows a mechanism of cooperative binding of factors to a nucleosome by which the binding of a protein factor to a nucleosome could facilitate the binding of another protein factor to the nearby sequence by decreasing the free energy required for binding (12) . Other known mechanisms of transcription factor access to nucleosomes involve acetylation of histone tails and several ATP-dependent chromatin remodeling activities (reviewed in 13, 14) .
Adf-1 and GAGA factor are ubiquitous transcription factors. Transcription activator Adf-1 binds specifically to several developmentally regulated Drosophila gene promoters (15) (16) (17) . GAGA factor binds to GA-rich DNA sequences at several Drosophila gene promoters and is known to have multiple roles (reviewed in 18). It is localized to >100 specific euchromatic sites along salivary gland polytene chromosomes, as well as to centromeric heterochromatin during mitosis (19) . The mutation of the gene encoding GAGA factor, Trithorax-like, is a dominant enhancer of position effect variegation and affects chromosome segregation and nuclear division (20) . Both major protein isoforms of GAGA factor, GAGA-519aa and GAGA-581aa, form homo-and hetero-multimers and can disrupt nucleosome arrays in vitro (21, 22) . However, GAGA factor only has weak affinity for mononucleosomes assembled on the hsp70 promoter DNA containing multiple GAGA sites (23) . The Drosophila melanogaster Adh distal promoter region. In its native context as shown, the distal (adult) enhancer, AAE, stimulates the Adh distal promoter only in mid-third instar larvae and adults (53) (54) (55) . The distal promoter cis-acting elements are shown: the Adf-1 site (-86 to -46) (16, this work), the two single GAGA sites, 5′-GAGAGA-3′ (-42 to -37) and 5′-TCTC-3′ (+8 to +11), and the TATA box (-32 to -26). The transcription start site is labeled as +1. (B and C) Quantitative DNase I footprint titration analysis of recombinant GAGA-581 binding to the Adh distal promoter at the GAGAGA sequence (B) and the GAGA sequence (C). (D) Quantitative DNase I footprint titration analysis of recombinant Adf-1 protein binding to the Adh distal Adf-1 site. The binding reactions for K d measurement did not contain non-specific carrier DNA. The K d is defined as the protein concentration required for half-maximal occupancy of the specific binding sites at limited DNA concentrations.
The Drosophila alcohol dehydrogenase (Adh) gene distal promoter and the Adh adult enhancer (AAE) are organized into an ordered nucleosome array in early embryos and in Adh-nonexpressing tissue culture cells (15, 24) . The inactive Adh distal promoter is covered by a nucleosome structure with a specific rotational phasing (15) . This chromatin region undergoes a tissueand stage-specific remodeling process correlated with transcription activation during development (15, 25) . The distal promoter consists of a TATA box, an Adf-1 binding site and two atypical, single GAGA factor binding sites (Figs 1A and 5) (15, 25, 26) . During active transcription, genomic footprinting shows the occupation of the Adf-1 and GAGA factor binding sites and increased accessibility in the nearby sequences (15, 25) . It is unclear how Adf-1 and GAGA factor recognize their binding sequences in chromatin to activate distal transcription.
We used purified recombinant Adf-1 and GAGA factor and in vitro assembled nucleosome core particles to investigate how the two factors interact with their natural nucleosomal target sequences at the Adh distal promoter. We found that Adf-1 and GAGA factor generally do not bind to nucleosome core particles. However, detailed comparison of factor binding to two nucleosomes that have the same rotational setting but different translational positions revealed that an unusual local DNA conformation is induced by particular histone-DNA interactions in one specific nucleosome position, which allows Adf-1 and GAGA factor to bind to their nucleosomal sites with high affinity but non-cooperatively. In addition, the binding of Adf-1 perturbs the local DNA path on the surface of the nucleosome, generating DNase I hypersensitive sites similar to the in vivo active chromatin structure (25) which could further facilitate other transcription factors to access the nearby nucleosomal sites. These findings indicate that the specific setting of a nucleosome and the particular histone-DNA contacts over the factor binding sites may play important roles in modulating Adf-1 and GAGA factor binding to the Adh distal promoter in chromatin to regulate transcription.
MATERIALS AND METHODS

Expression and purification of recombinant transcription factors
Recombinant proteins were expressed from pAR-GAGA-519 (27) , pAR-GAGA-581 (22) , and pET-3a/Adf-1 (a kind gift of Dr R. Tjian) (26) in the Escherichia coli BL21 pLysS strain and purified by chromatography over Heparin agarose. The purified proteins were ∼90% pure according to Coomassie blue staining.
Quantitative DNase I footprint titration assays
The binding reactions (20 µl) contained ∼75 c.p.s. (∼2 fmol) 32 P end-labeled DNA fragment (-95 to +55), 0.5 mM MgCl 2 , and each recombinant protein (1-5 µl in 25 mM HEPES-KOH pH 7.6, 0.1 mM EDTA, 12.5 mM MgCl 2 , 10% glycerol, 0.1% NP-40 and 0.5 M KCl). Reactions were incubated at 4_C for 10 min, 1 µl of 10 mM MgCl 2 and 1.25 µl of 20 mM CaCl 2 added, digested by various concentrations of DNase I for 15 s and stopped by adding 5 µl of 100 mM EDTA, 2.5% Sarkosyl. Samples were digested with 0.7 mg/ml proteinase K overnight in the presence of 0.2% SDS, phenol extracted and ethanol precipitated with glycogen as a carrier and separated on sequencing gels. DNase I footprinting gels were scanned and relevant bands were quantified by computer quantification of the image using the NIH image software as described (28) .
Core histone purification, nucleosome assembly and purification
Nuclei were prepared from 0-20 h Drosophila embryos (24) and lysed by sonication. Chromatin was then bound to a hydroxyapatite column (HAP) (Bio-Rad) and washed with 0.6 M NaCl, 50 mM sodium phosphate and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). Histones H2A and H2B were eluted with 0.93 M NaCl, 50 mM sodium phosphate and 0.1 mM PMSF; histones H3 and H4 were eluted with 2.5 M NaCl, 50 mM sodium phosphate and 0.1 mM PMSF. Protein-containing fractions were identified on an SDS-PAGE gel, pooled, concentrated in Amicon 10 microconcentrators and stored at -80_C. The core histones were ∼95% pure by Coomassie blue staining and there were no visible histone variants.
Nucleosome core particles were assembled by the salt dilution method (29) . The reaction (150 µl), containing ∼6 µg E.coli DNA (average length 0.5-1 kb), 50-200 ng 32 P end-labeled 150 bp DNA, ∼6 µg histone H3 + H4, ∼6 µg histone H2A + H2B in 10 mM Tris-HCl pH 7.6 and 2 M NaCl, was left at room temperature for 10 min and dialyzed step-wise at 4_C against 1.2, 1, 0.8 and 0.6 M NaCl in 10 mM Tris-HCl pH 7.6, 1 mM EDTA and 0.1 mM DTT for 2 h each, then 10 mM Tris-HCl pH 7.6, 1 mM EDTA and 0.1 mM DTT overnight. The assembled nucleosome core particles were fractionated in a 5-25% sucrose gradient (in 10 mM HEPES pH 7.6, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM DTT and 0.02% NP-40) in an SW 50.1 rotor at 34 000 r.p.m. for 20 h at 4_C.
Micrococcal nuclease (MNase) digestion assay
32 P-internally labeled DNA fragments or assembled nucleosome core particles (∼75 c.p.s.; ∼2 fmol) in 20 µl of 1 mM MgCl 2 and 3.25 mM CaCl 2 were digested with various concentrations of MNase for 15 s and stopped by 5 µl of 100 mM EDTA, 2.5% Sarkosyl. Samples were digested with 0.7 mg/ml proteinase K overnight in the presence of 0.2% SDS, phenol extracted, ethanol precipitated with glycogen and separated on 8% sequencing gels.
DNase I footprinting assays
Binding reactions contained ∼75 c.p.s. (∼2 fmol) assembled nucleosome core particles or end-labeled DNA fragment diluted in the appropriate mixture of the sucrose gradient solutions (∼20% sucrose, some E.coli DNA, 10 mM HEPES pH 7.6, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM DTT and 0.02% NP-40), 1 µl 10 mM MgCl 2 , 1 µl protein (in 25 mM HEPES-KOH pH 7.6, 0.1 mM EDTA, 12.5 mM MgCl 2 , 10% glycerol, 0.1% NP40 and 0.5 M KCl) and 1 µg/µl BSA. Reactions were incubated at 4_C for 10 min, digested by DNase I and treated with 0.7 mg/ml proteinase K as described above before being loaded onto sequencing gels.
RESULTS
Purified recombinant Adf-1 and GAGA factor bind to the Adh distal promoter
The Drosophila Adh distal promoter contains multiple cis-regulatory elements (Fig. 1A) . The binding site of transcription activator Adf-1 is located at -86 to -46 (26, this work). Two atypical GAGA factor binding sites consisting of only a single GAGA sequence (5′-GAGAGA-3′ on the sense strand and 5′-GAGA-3′ on the antisense strand) flank the TATA box and the transcription start site (Fig. 5) . We recently identified two major isoforms of GAGA factor, GAGA-519aa (27) and GAGA-581aa (22) , which share the single Cys 2 -His 2 zinc finger identified as a sequencespecific DNA binding domain (30) . To determine that the full-length recombinant Adf-1 and GAGA factor were active and to measure their affinities for the Adh distal promoter, we first carried out the quantitative DNase I footprint titration assays (Fig. 1B-D) . Recombinant GAGA-581 (and GAGA-519, data not shown) has similar affinities for the two GAGA sites, with an apparent K d of ∼2 nM for the GAGAGA sequence (Fig. 1B) , and ∼3 nM for the GAGA sequence (Fig. 1C) . These values are in agreement with the K d of 5 nM reported for the minimal zinc finger domain binding to the GAGAGAG sequence (30) and with the K d of 1.3 nM reported for the recombinant GAGA-519 to the binding sites containing GA repeats of 5 bases or longer at the hsp70 promoter (31). The apparent K d of recombinant Adf-1 binding to the Adf-1 site at the Adh distal promoter is ∼7 nM (Fig. 1D) . These results indicate that the recombinant Adf-1 and GAGA factor are active for sequence-specific DNA binding at the Adh distal promoter.
In vitro assembled nucleosomes adopt the same rotational position as observed in vivo
Genomic footprinting of chromatin structure at the Adh distal promoter in early embryos and in Adh non-expressing tissues and tissue culture cells suggests that the inactive distal promoter is packaged into an ordered nucleosome array with the Adf-1 site and the adjacent GAGAGA site sequestered within a rotationally positioned nucleosome (15, 24) . The nucleosome structure is perturbed (32, 33) and the binding sites are occupied when the Adh distal promoter is actively transcribed (15, 24, 25) . To directly address the question of how Adf-1 and GAGA factor access their nucleosomal sites, we used several 150 bp DNA fragments containing all of the regulatory sequences in the natural promoter context to assemble nucleosome core particles. Comparison was made between the binding of Adf-1 and GAGA factor to their sites on naked DNA and in different histone-DNA environments. The 150 bp length was chosen so that only one nucleosome core particle could be assembled on each DNA fragment and in the absence of linker DNA, nucleosome sliding is minimized (34, 35) . Figure 2A shows the positions of the two nucleosomes (nucleosomes I and II) described in detail in this study. They represent two extreme translational positions of the nucleosome that may organize the Adh distal promoter region in vivo. In nucleosome I (-95 to +55), the Adf-1 site is placed at the end of the nucleosomal DNA; in nucleosome II (-123 to +27), the Adf-1 site and the GAGAGA sequence are close to the center of the nucleosomal DNA and the GAGA sequence is close to the end. Two additional nucleosome positions, nucleosome III (-128 to +22) and nucleosome IV (-166 to -16) were also studied.
Several lines of evidence indicate that the in vitro assembly on all four DNA fragments yielded intact nucleosome core particles resembling the native mononucleosome structure. First, these core particles sedimented in sucrose gradients in identical fractions to the mononucleosome fraction of a MNase digested chromatin standard (Fig. 2B for nucleosome I, and data not shown). The purified core particles also migrated identically to the histone octamer-DNA complexes in gel mobility shift assays (not shown). Secondly, the assembled nucleosome core particles were 100-fold more resistant to MNase digestion than free DNA and protected a 150 bp length of DNA (Fig. 2C for nucleosome I, and not shown). Thirdly, we found that all of the four nucleosomes tested adopted the same specific rotational position, as evidenced from the same ∼10 base repeats generated by DNase I cutting extending up to 140 bases (Figs 3, 4 and summarized in Fig. 5 , and data not shown). This rotational position is identical to that observed over the inactive distal promoter in vivo (15) . This was not expected of nucleosome III (-128 to +22) which has a 5 bp difference in the translational position from that of nucleosome II (-123 to +27) ( Fig. 2A) . Typically, they would have opposite rotational settings with respect to the histone octamer. These results indicate that the Adh distal promoter regulatory sequences can position nucleosomes with a preferred rotational setting.
Specific histone-DNA contacts induce an unusual local DNA conformation over the Adf-1 and adjacent GAGAGA sites on nucleosome I Unexpectedly, we detected an interesting difference in the DNase I cutting patterns of nucleosome I (Fig. 3) . The DNase I cutting in the region from -55 to -35, especially at -47 on the antisense strand on nucleosome I clearly differed from that of naked DNA; however, the intensity was much reduced compared with the same region on the surface of nucleosome II and the other two nucleosomes (compare Fig. 3A , lanes 5 and 6, with Fig. 4 , lanes 6 and 7; data not shown). On the sense strand of nucleosome I, an enhanced cut at -56 and a 6 base spacing between -56 and -62 (instead of an ∼10 base spacing) were observed (Fig. 3B,  lanes 7 and 21) . These results taken together suggest that the sequence over the Adf-1 site and the adjacent GAGAGA site on nucleosome I adopts an unusual DNA conformation which inhibits DNase I cutting on the antisense strand. Since the same sequence on nucleosomes II (Fig. 4, lanes 6 and 7) , III and IV (data not shown), generated a regular nucleosomal pattern with strong DNase I cuttings (in particular at -47 on the antisense strand), it is likely that the unusual DNA conformation of nucleosome I was induced by the specific local histone-DNA interaction within nucleosome I (Discussion).
The unusual nucleosome structure allows high-affinity binding of Adf-1 and GAGA factor
We next investigated the binding of Adf-1 and GAGA factor to assembled nucleosomes (Figs 3 and 4 , and data not shown). Nucleosomes III and IV gave identical results to nucleosome II (data not shown). For nucleosome I, GAGA factor at concentrations of w30 nM led to sequence-specific interactions at the GAGA-GA site, as evidenced by the strong protection at -42 G and -40 G, the enhanced DNase I cutting at -32, -31 and -30 on the sense strand (Fig. 3B, lanes 8-10) , and the protection at -27T and -35G on the antisense strand (Fig. 3A, lanes 9 and 10) . This nucleosome binding of GAGA factor on the sense strand occurred with high affinity similar to that of the binding on naked DNA (Fig. 3B, compare lanes 4 and 8) . Identical experiments on nucleosome II showed no binding of GAGA factor to the GAGAGA site, as shown by a band at -35G on the antisense strand with no protection (Fig. 4A, lanes 8-11) .
Surprisingly, the GAGA site on both nucleosomes I and II remained unoccupied even at a 100-fold higher concentration of GAGA factor than required for binding naked DNA under identical conditions (compare Fig. 3A, lane 2, with Fig. 4,  lane 11 ). This is indicated clearly by the strong DNase I cutting at +7 on the antisense strand of both nucleosomes and at +11 on the sense strand of nucleosome I (Fig. 3A, lanes 7-10 and B, lanes 21) . Note that the binding conditions were equalized for DNA and nucleosome core particles (Materials and Methods) which led to higher protein concentrations for footprinting detection than those in the DNase I footprint titration analysis. GAGA factor refers to either GAGA-519aa or GAGA-581aa since they have the same DNA and nucleosome binding properties individually or together in our experiments. Vertical bars on the left indicate the positions of footprints on naked DNA. The diagram of nucleosome I is shown on the right. Open squares, protection on the nucleosome structure by GAGA factor; open circles, protection by Adf-1; solid squares, hypersensitivity induced by GAGA factor; solid circles, hypersensitivity induced by Adf-1. Fig. 4, lanes 8-11) . It suggests that GAGA factor binding is specific to the GAGAGA site on nucleosome I.
8-10; and
Adf-1 also binds to nucleosome I but not nucleosome II or other nucleosomes tested (Figs 3 and 4 , and data not shown). This interaction of Adf-1 and nucleosome I on the sense strand occurred with high affinity similar to naked DNA (Fig. 3B, compare lanes 3  and 12) . Protection was detected on the sense strand at -83C, -82T, -81G, -79T and -78G at 40 nM of Adf-1 (Fig. 3B, lanes 12-15) . Specific binding of Adf-1 to nucleosome I on the antisense strand occurred at 400 nM, ∼10-fold less affinity than to DNA (protection at -67G, -65T and -60C on the antisense strand; Fig. 3A, lane 13) . The nucleosome binding of Adf-1 at concentrations >400 nM induced DNase I hypersensitivity on both strands extending up to four helical turns 3′ of the Adf-1 site (Fig. 3A, lane 13 and B,  lanes 14 and 15) . The overall DNase I digestion pattern of nucleosome I was unchanged after Adf-1 binding; a strong nucleosomal cutting at -85 on the sense strand remained evident (Fig. 3B, lanes 12-15) , suggesting the nucleosomal structure of nucleosome I is intact.
When present together, Adf-1 and GAGA factor bound to the Adf-1 and GAGAGA sites on nucleosome I simultaneously (Fig. 3A, lanes 16 and 17, and B, lanes 19 and 20) , whereas these binding sites remained unoccupied on nucleosome II under identical conditions (Fig. 4, lanes 17-21) . The 10 base DNase I digestion ladder of nucleosome I remained regular after the binding of both Adf-1 and GAGA factor suggesting that the complex of nucleosome I-Adf-1-GAGA factor was stable. The remainder of the nucleosomal structure remained intact. Binding of Adf-1 to the Adf-1 site on nucleosome I at 400 nM did not increase the affinity of GAGA factor to the adjacent GAGAGA sequence on nucleosome I (Fig. 3A, lanes 14-17 and B, lanes  16-20) ; therefore, there is no obvious cooperative nucleosome binding between Adf-1 and GAGA factor.
DISCUSSION
A nucleosome structure with a specific rotational phasing sequesters the Adf-1 binding site and the GAGAGA site on the inactive Adh distal promoter (15, 24) . Chromatin remodeling and occupation of the factor binding sites were observed in vivo when the promoter is active (15, 25, 32, 33) . Based on our study presented here, we suggest that Adf-1 and GAGA factor may access the Adh distal promoter chromatin by binding directly to a positioned nucleosome with an asymmetric intra-nucleosome structure.
Nucleosomes form in one specific rotational position over the GC-rich transcription factor binding sites of the Adh distal promoter in vitro and in vivo (15) . In a particular nucleosome position, nucleosome I, a distinct local nucleosomal DNA conformation is induced without affecting overall nucleosome integrity. Wrapping of DNA around the histone octamer bends the DNA structure such that DNase I cuts the DNA minor grooves at about every 10 bases (36). Our results thus show the non-equivalent bending of the sequence of transcription factor binding sites when it contacts different histones on nucleosomes I and II (summarized in Fig. 5 ). The GC-rich DNA sequence in the region around -55 to -35 on nucleosome I adopts an unusual structural conformation which inhibited DNase I cutting on the antisense strand (Fig. 5A) . This is in marked contrast to the conformation of the same DNA sequence on nucleosome II which showed a distinct histone-induced DNase I cutting pattern of strong ∼10 base periodicity (Fig. 5B) . This is an unusual observation since the histone octamer has been shown to exert a dominant constraint on the structure of DNA in a nucleosome and a variety of unique sequences (flexible, rigid and curved) have only small effects on the overall nucleosome structure (37) . The characteristics of an individual nucleosome may depend on the actual DNA sequence incorporated. The high-resolution X-ray crystal structure of a nucleosome core particle shows that the 14 contact points between DNA and the histone octamer have quite distinct structures (38) . The nucleosomal DNA double helix has the maximum curvature at the symmetric sites 1.5 helix turns from the pseudodyad axis (38, 39) . On nucleosome I, the region from -55 to -35 is ∼1.5 helix turns from the presumptive pseudodyad (Fig. 5A ). This region is likely in contact with histone H3, histone H4 and histone H2B on nucleosome I and with both histone H3s of the histone H3-H4 tetramer around the presumptive dyad of nucleosome II. The specific local GC-rich DNA-histone contacts on nucleosome I may contribute to the unusual asymmetric nucleosomal DNA structure in this region. It might involve a local modulation of the DNA helix bending which then would affect the minor groove cutting by DNase I and the accessibility of the factor binding sequences in the major groove.
The identical specific rotational setting of nucleosomes I and II places the GAGA site inward towards the histone octamer 45 and 17 bp from the end, respectively (Fig. 5) . According to the transient binding site exposure model (11) , ∼100-fold higher concentration than required for binding to naked DNA would be expected for a protein to access a binding sequence ∼20 bp from the ends of nucleosomal DNA (11) . No binding occurred on the GAGA site on either nucleosome up to a 3000 nM concentration of GAGA factor, which is ∼100-fold higher than that required for GAGA factor binding to naked DNA. For the GAGAGA site which is ∼20 and ∼10 bp, respectively from the presumptive pseudodyad on nucleosomes I and II, if the dissociation of histone-DNA contacts is required (11) , no binding of GAGA factor would be expected at concentrations of 30-300 nM, which is the range of the concentration of GAGA factor required for binding naked DNA. The high-affinity binding of GAGA factor to the GAGAGA site on nucleosome I therefore occurs without a need for site exposure.
The relative high-affinity binding to nucleosome I suggests that the binding of Adf-1 may also occur without a need for site exposure. This is consistent with our observation of non-cooperative binding of Adf-1 and GAGA factor to nucleosome I. Since Adf-1 is not able to bind to nucleosomes II, III and IV, Adf-1 is not inherently able to bind to the nucleosomal Adf-1 site with high affinity. Considering that the Adf-1 site has the same rotational phasing on these nucleosomes, the binding of Adf-1 to nucleosome I is not due to the rotational setting of the Adf-1 site. More likely, we suggest that the specific sub-nucleosome structure in the region around -55 to -35 on nucleosome I contributes to the high-affinity binding of both Adf-1 and GAGA factor. The specific local histone-DNA interactions in nucleosome I may allow access to the GC-rich binding sites or induce a different nucleosomal DNA bending compatible for the binding of Adf-1 and GAGA factor.
Adf-1 was recently reported to be a non-modular transcription factor that has a TAF-binding activity in the C-terminus (17) . This protein region is homologous to the yeast ADA2 protein in the domain that interacts with GCN5, both of which form multimeric chromatin remodeling complexes with histone acetyltransferase activity (17, 40) . The potential helix-turn-helix DNA-binding domain of Adf-1 is similar to that of the Myb family of proteins (16, 17) . The predicted recognition helix of the Adf-1 DNA-binding domain, helix 3, is 40 amino acids longer than the corresponding helices of Myb. When such an extended recognition helix contacts DNA, dramatic perturbations in the DNA are expected (17) . This prediction is in agreement with the dramatic DNase I hypersensitivity introduced by Adf-1 binding on both naked DNA (Fig. 4) and nucleosome I over the large region 3′ to the Adf-1 site (Figs 3, 4 and 5A) . In cells actively transcribing the Adh distal promoter, the same region is DNase I hypersensitive at low resolution (32, 33) and displays increased DNase I sensitivity at specific bases 3′ of the Adf-1 site at high resolution when the Adf-1 site is occupied (25) . This suggests that Adf-1 binding is involved in the generation of the accessible chromatin structure observed in vivo. Since the binding of Adf-1 changes the DNA path on nucleosome I and generates a more accessible local nucleosomal structure that encompasses the TATA box region (Figs 3A and B and 5A), it could facilitate subsequent TFIID binding.
The single zinc finger domain of GAGA factor typically binds to sequences containing multiple GA repeats and has only weak affinity to mononucleosomes (18) . In agreement, we found that GAGA factor at high concentration does not bind to the single GAGA site even when it is placed 17 bp from the edge of a nucleosome (Fig. 4) . NMR spectroscopy data showed that GAGA factor contacts DNA in both major and minor grooves suggesting special constraints on interactions of GAGA factor with nucleosomes, where a part of the binding site may be relatively inaccessible regardless of the rotational setting of the site (41, 42) . It has been proposed that at most GAGA factor binding promoters, the presence of a large number of adjacent GAGA sites may ensure at least some GAGA sites are located in the linker region in chromatin to initiate GAGA factor binding and chromatin remodeling (41) . However, we found in this work that the unusual nucleosomal DNA conformation in a specific nucleosome position allows high-affinity nucleosomal binding of GAGA factor to the single GAGAGA sequence without disrupting the overall nucleosome structure (Fig. 5A ). This could be the mechanism by which GAGA factor accesses the atypical single GAGAGA site organized within a nucleosome at the Adh distal promoter in vivo (15, 25) .
In general, the packaging of DNA in nucleosomes inhibits the binding of transcription factors due to blocking of the binding sites as well as distortion of the DNA sequence. In several known cases, however, positioned nucleosomes could provide available binding sites for non-histone protein factors. For example, the HIV integrase directs integration to sites of severe DNA distortion within the nucleosome (43, 44) , and glucocorticoid receptor (GR) binds to its site on a rotationally positioned nucleosome with high affinity (6) . Homopolymeric (dA-dT) element was shown to create a local nucleosome distortion which increases the access of the Amt1 Cu metalloregulatory transcription factor to a single metal response element on a positioned nucleosome in vivo in the yeast Candida glabrata (45) . The heterodimer of thyroid hormone receptor and 9-cis retinoic acid receptor (TR-RXR) binds to a rotationally positioned nucleosome at the Xenopus thyroid hormone receptor βA (TRβA) promoter and directs the disruption of local chromatin structure in response to thyroid hormone (7, 46, 47) . In these cases, it is suggested that non-histone proteins access their binding sites on nucleosomes without the requirement to dissociate DNA from the histone octamer.
We found in this work that the DNA regulatory sequence of the Adh distal promoter can place the nucleosomes in the same specific rotational position as the nucleosome structure in vivo with limited translational positions, one of which allows high-affinity binding of Adf-1 and GAGA factor. In vivo, the presence of linker DNA (34, 35) and energy dependent chromatin remodeling activities (14, 48, 49) may promote nucleosome mobility. Short range sliding of the nucleosome structure (50) could place certain nucleosomes at the Adh distal promoter in the specific position, as nucleosome I. It is also possible that the binding of linker histones (34, 35, 51) and transcription factors (52) may help stabilize one specific core histone-DNA sequence contact. In vivo, the ordered nucleosome array at the inactive Adh distal promoter consists of at least two rotationally positioned nucleosomes. In addition to the one located in the promoter region (15) , the region between the distal promoter and AAE (Fig. 1A) is occupied by a positioned nucleosome before, during and after distal promoter transcription (25) . The upstream-positioned nucleosome and assembly of higher order chromatin structures may limit the nucleosome positions adopted by the distal promoter DNA sequence, leading to the specific nucleosome setting to which Adf-1 and GAGA factor could bind with high affinity in the first step of transcription initiation.
